The elastic properties and plane acoustic velocity of double perovskite Sr 2 CaMoO 6 and Sr 2 CaWO 6 are investigated with the plane wave pseuedopotential method based on the first-principles density functional theory within the local density approximate (LDA) and the generalized gradient approximation (GGA). The calculations indicate that Sr 2 CaMoO 6 and Sr 2 CaWO 6 respectively have the the Mo-O and W-O stable octahedral structure. The bulk modulus B, shear modulus G, Young's modulus E, Poisson's ratio ν and Debye temperature were calculated based on the elastic constants. The three dimensional plane acoustic velocities and their projection are in calculated for each direction by solving the Christoffel's equation systematically based on the theory of acoustic waves in anisotropic solids, the result shows of anisotropy of lattice vibration for Sr 2 CaMoO 6 is stronger than Sr 2 CaWO 6 .
Introduction
The synthesis and physical properties of A 2 BB'O 6 -type double perovskites have been widely investigated [1] [2] [3] [4] because of their promising applications in optoelectronics or spintronics areas. The ideal double perovskites belong to the cubic space group Fm3m, in which the crystallization site A is occupied by alkaline earth metal or rare earth metal element, and the crystallization sites B and B' are often occupied by transition or lanthanide elements [2] . However, for some A 2 BB'O 6 -type double perovskites, the crystallization sites B and B' can be occupied by one transition metal and another element, such as Ca, Mg, Ln, Sb, Mo or W [4] . In A 2 BB'O 6 -type double perovskites, the charge and size of cation B differ greatly from those of cation B', and consequently the octahedral units BO 6 and B'O 6 play dominating roles in their chemical and physical properties [1] [2] [3] [4] .
Hank et al. [5] synthesized Sr 2 CaMoO 6 and Sr 2 CaWO 6 through a solid-state reaction and stated that Sr 2 CaMoO 6 and Sr 2 CaWO 6 were also two important A 2 BB'O 6 -type double perovskites with the crystallization site B occupied by the alkaline earth metal Ca and the crystallization site B' occupied by the transition element Mo(W). Both Sr 2 CaMoO 6 and Sr 2 CaWO 6 are direct-gap semiconductors, and their experimental band gaps are respectively 2.9 and 3.8 eV. Zhao et al. [6] calculated the electronic structures and optical properties of the B-site ordered double perovskites Sr 2 MMoO 6 (M = Mg, Ca or Zn) using density functional theory (DFT), and they pointed out that Sr 2 MgMoO 6 and Sr 2 CaMoO 6 exhibit direct band gaps, while Sr 2 ZnMoO 6 has an indirect band gap. The study [6] also revealed that the replacement of the B-site element in double perovskites is a potential method of altering the electronic structure to absorb visible light, and this method could lead to the development of inorganic perovskite solar cells.
The plane acoustic velocity and elastic properties have not been investigated in the previous works for Sr 2 CaMoO 6 and Sr 2 CaWO 6 , namely cubic structure. In this work we discussed the elastic modulus, and elastic properties of double perovskite Sr 2 CaMoO 6 and Sr 2 CaWO 6 . All research provides a useful theoretical basis for their scientific and technological applications of the Sr 2 CaMoO 6 and Sr 2 CaWO 6 crystals.
Calculation method
The elastic properties and plane acoustic velocity of Sr 2 CaMoO 6 and Sr 2 CaWO 6 were calculated by the firstprinciples plane wave pseudopotential method within density functional theory coded in the CASTEP software package [7] . Exchange correlation energy was described by the Perdew-Burke-Ernzerhof parameterization within the generalized gradient approximation (GGA-PBE) [8] . The local density approximation / Ceperley-Alder exchangecorrelation potential parameterized by Perdew and Zunger (LDA -CAPZ) [9] was used as a comparative study in geometric optimization. The ultrasoft pseudopotentials were used to describe the interactions between valence electrons and the ionic core, and the typical valence electron configurations considered in the current work 3 Results and analysis Table 1 shows the calculated and experimental lattice parameters and cell volumes of Sr 2 CaMoO 6 and Sr 2 CaWO 6 . Compared with those calculated by LDA-CAPZ, the lattice parameters and cell volumes obtained from GGA-PBE agree well with the experimental values. Thus, the GGA-PBE method was adopted in the following calculations.
After geometric optimization, the plane wave pseudopotential approach with GGA-PBE was used to calcuSr Ca O, octahedron represents the Mo or W environments [5] . It should be pointed out that the current calculated band gap of Sr 2 CaMoO 6 is close to that of Zhao [6] . Although the GGA exchange correlation function usually underestimates the band gaps of materials, primarily owning to the discontinuity of exchangecorrelation energy, this does not influence the electronic structure analysis [13] . Table 1 lists the lattice constants and elastic constants which have been calculated using the LDA and GGA approximations. The LDA approximation underestimates lattice constants, while overestimates the elastic constants. After analysis, the calculated lattice constants are close to the experimental value. To our best knowledge, no published experimental or theoretical data exist on relevant elastic constants for Sr 2 CaMoO 6 and Sr 2 CaWO 6 . The traditional mechanical stability conditional in the cubic crystals are judged by the elastic constants:
Elastic properties
For Sr 2 CaMoO 6 and Sr 2 CaWO 6 is the calculated elastic constants (C ij ) in Table 1 satisfy these Eqs. (1), indicating that they are mechanically stable.
Based on elastic constants, Voigt and Reuss approximations [14] are widely used to calculate the bulk modulus B and the shear modulus G of solids. The bulk modulus B reflects the ability of solids to defend compression, while the shear modulus G stands for the ability of solids to defend shear deformation. For a cubic system, the Voigt and Reuss approximations of B and G can be obtained by:
Hill [15] confirmed that the Voigt and Reuss models represent the extreme upper and lower bounds, respectively, and the arithmetic average value VRH (Voigt-ReussHill) is close to experimental results. The bulk modulus B shear modulus G, results can be determined using the Voigt-Reuss-Hill averaging scheme based on the calculated elastic constants. They can be respectively represented by Eq. (5) and Eq. (6) [16] [17] [18] [19] [20] .
The calculated bulk modulus B and shear modulus G of ZBO are summarized in Table 1 . It can be noted that the bulk modulus B obtained from Eq. (5) 
matches well with that obtained from the Birch-Murnaghan Equation of
State at zero pressure, indicating that our calculation is self-affirming and reliable.
Based on Eqs. (5) and (6), Young's modulus E, Poisson's ratio and anisotropic index A U are determined by:
The mechanical properties of semiconductor materials, such as the ductility and brittleness, are of high importance for their applications. The calculated young's modulus E and Poisson's ratio σ of uniaxial stress on the uniaxial is defined as the ratio of Hook's law [21] [22] [23] [24] . When the value of Young's modulus is high, the material is stiff. The calculated Young's modulus indicates Sr 2 CaWO 6 is stiffer than Sr 2 CaMoO 6 with in both LDA and GGA approximations. Based on elastic coefficients, Pugh proposed a criterion for judging the ductility or brittleness of materials: when B H /G H > 1.75, the material behaves in ductile manner, otherwise it has brittle nature. As shown in Table 1 The Debye temperature is a fundamental and very important parameter for determining physical properties, such as thermal conductivity versus temperature described by Cahill-Pohl model, and the heat capacity versus temperature described by Debye model. We have calculated the Θ D from the Bulk modulus and shear modulus data and by using the average sound velocity Vm:
where h is Planck's constant, k B is the Boltzmann's constant, N A the is Avogadro's number, n is the number of atoms per formula unit, M is the molecular mass per formula unit, ρ is the density, and Vm is obtained from:
where V t is transverse velocity, V l is longitudinal velocity. For the cubic structure, which are assumed isotropic material, V t and V l are calculated from the Navier's equation:
The average transverse and longitudinal sound velocities are shown in Table 1 . Once these parameters are known, we can estimate the mean Debye temperature.
The planar acoustic wave
The Plane acoustic wave velocity is used to describe wave propagation and can be easily measured by experiments, which is closely linked with the elastic constants. The acoustic wave velocity are usually obtained using the Christoffel equation [21] :
where ρ is the density and v = ω k is the plane acoustic wave velocity. For the cubic phase, the tensor components are expressed as follows:
As Eq. (13) is an equation of the third power with respect to, in the general ρv 2 case for the given direction in a crystal, we have three velocities ρv 2 i , where (i= 1,2,3), which are determined by the positive roots of equation (14) . There are three eigenvalues (the results have not been displayed in this paper due to the complex of the accurate formulas), namely two transverse waves and a longitudinal wave (quasi-longitudinal, quasi-shear vertical and quasi-shear horizontal). Figure 2 shows the changes in the acoustic wave velocity of each materials in different crystal orientations. One can see the value of transverse waves velocities is obviously larger than that of a longitudinal wave velocity. The anisotropy of the three dimensional transverse waves velocities is stronger than the longitudinal wave velocity. The three dimensional case of Sr 2 CaMoO 6 is stronger than Sr 2 CaWO 6 , indicating that Sr 2 CaMoO 6 has the more significant degree of anisotropy of lattice vibration.
In order to estimate the value of plane acoustic velocities along different crystal orientations, the plane acoustic velocities of the transverse and longitudinal acoustic waves for Sr 2 where C ij is the elastic constant, and ρ is the density. To the best our knowledge, among the crystal structures which we synthesized and researched, very few reported the elastic properties and plane acoustic velocity. Therefore the calculated elastic and plane acoustic velocities of Sr 2 CaWO 6 , and Sr 2 CaMoO 6 have not been compared with the experimental results. So, it is assumed to be the first theoretical prediction of these properties, as all the research awaits for experimental confirmation. Hopefully, this work and conclusions can be considered as a foresight study and stimulating matter for further work on Sr 2 CaWO 6 and Sr 2 CaMoO 6 .
